The ion exchange capability of electrospun cellulose acetate (CA) fibers containing zeolite A nanoparticles is reported. Solid and porous CA fibers were used to make a zeolite-embedded filter paper, which was then used to ion exchange Na + with Cu 2+ and Pb
Introduction
The high toxicity of lead makes it vitally important to remove it from the environment [1] . Lead poisoning can result from physical inhalation or from ingestion from contaminated food and water sources. However, lead in water is absorbed more efficiently and poses an additional threat [2] . The methods of lead removal include chelation, precipitation, adsorption and filtration [3] [4] [5] [6] [7] [8] . These processes can often be inefficient and generate secondary pollutants [5] . Ion exchange is a simple technique that does not have high requirements to operate. In this paper, we report the OPEN ACCESS preparation of electrospun zeolite polymer composite fiber mats that have been used as an ion exchange microfiltration system for the removal of lead.
Zeolites are microporous aluminosilicates that have ordered structures, uniform pore sizes, good thermal stability and chemical resistance and have been extensively studied for their ion exchange properties [9] . The widespread commercial use of zeolites is as ion exchangers in detergents and water softeners. The application of zeolites is typically in powder form, but other configurations, such as fibers, hollow fibers or membranes, are also possible [10] [11] [12] [13] . The incorporation of zeolites into a fiber structure can be easily achieved through electrospinning, which allows for the zeolite to be easily processed and handled, whereas a zeolite powder would require additional equipment to recover and reuse. Electrospinning is a non-mechanical technique to generate fibers with diameters from the nano-to micro-meter range [14, 15] . By applying a high voltage to a polymer solution, a charged polymer jet can form. As it is traveling to a grounded target, the polymer jet will stretch and elongate from electrostatic repulsions, while the solvent evaporates. The fiber is then deposited as a free standing paper. This would provide a suitable matrix for ion exchange as a membrane filter. Zeolites have been incorporated within electrospun fibers before [16, 17] ; however, their applications as ion exchangers has not been explored. Zeolite A has been electrospun and used as a nitric oxide delivery vehicle for wound healing applications [16] . Other work with electrospinning zeolites involves dye-loaded zeolite L encapsulated within electrospun fibers for imaging purposes [17] . The zeolite used in this study, zeolite A, exhibits the Linde Type A (LTA) framework and is cubic structured with a pore opening of 4 Å. The polymer used in this study is cellulose acetate. Modified cellulosic materials have been made into composites for heavy metal removal [18] [19] [20] . The proposed system would provide a simple way to generate ion exchange filters in one step without the further need for modification.
Materials and Methods

Materials
Alumina isopropoxide, fumed silica, tetramethylammonium hydroxide pentahydrate, copper sulfate, lead nitrate, cellulose acetate (M n 50,000) and 2,5-dimercapto-1,3,4-thiadiazole (DMT) were purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received. Copper nitrate trihydrate was purchased from Acros and used as received.
Experimental
Nano-sized zeolite A (LTA) crystals were synthesized according to a published procedure [21] . Two separate solutions were prepared in polypropylene bottles. Solution 1 consisted of 0.75 g of alumina isopropoxide and 5.0 g of tetramethylammonium hydroxide pentahydrate, dissolved by stirring in a 1 M NaOH solution (0.58 mL) at 50 °C until clear. Solution 2 consisted of a 30% silica solution prepared by stirring 0.675 g of fumed silica 1.575 mL 1 M NaOH in 2 mL DI water (pH 10) at 50 °C. The two solutions were then combined into one polypropylene bottle and placed in an oven at 80 °C for 24 h. The resulting nanoparticles were repeatedly washed with a 3:1 ethanol/water mixture, then collected through centrifugation and dried overnight at 80 °C.
For electrospinning, a dispersion of LTA in acetone was first prepared. A cellulose acetate/acetone solution was prepared and slowly added to the LTA dispersion with stirring and sonication. The final solution obtained was a 5% cellulose acetate with 10% by weight LTA (with CA) loading, which was used to electrospin fiber mats. The use of a 1:1 acetone:chloroform solvent mixture was used in place of acetone to generate porous fibers. The solution was fed in a syringe using a pump with a 16 gauge flat tipped needle as the spinneret. A voltage of 15 kV was applied from an external power source (ES50P-5W, Gamma High Voltage Research) with a distance of 10 cm between the spinneret and a grounded collector.
Samples of LTA powder and CA/LTA fibers were mounted on an aluminum stud and coated with Au/Pd for SEM imaging (Zeiss SUPRA 40 field emission scanning electron microscope, Zeiss SMT AG, Oberkochen, Germany ). Powder X-ray diffraction patterns were recorded using a Rigaku Ultima IV diffractometer (Cu Kα = 1.54 Å) at a scan rate of 1°/min.
The ion exchange capacity was tested by soaking of the CA/LTA fibers and LTA in solutions for 20 min and using CA/LTA fibers as a filter membrane. Solutions of CuSO 4 and Pb(NO 3 ) 2 in water (pH 6.6) were used for ion exchange. A 1:1 Cu 2+ (copper nitrate trihydrate) and Pb 2+ (lead nitrate) mixture was also used for ion exchange. UV-Vis was obtained using a spectrophotometer (Shimadzu UV-1601PC, Shimadzu, Kyoto, Japan) to determine concentrations of CuSO 4 (λ max = 810 nm) and Pb(NO 3 ) 2 after ion exchange. Detection of Pb 2+ was achieved through UV detection after complexation with DMT (λ max = 395 nm) [22] .
Results
The SEM in Figure 1 shows that the LTA crystals were uniform, ranging from 100 to 300 nm in size with an average size of 175 ± 43 nm, measured with ImageJ. The powder XRD pattern for the as-synthesized LTA crystals (Figure 2 The electrospinning of cellulose acetate (CA)/LTA fibers requires a uniform dispersion of LTA. The mixing of LTA powder with a CA solution results in aggregated LTA particles, which can be within electrospun fibers (Figure 3 ). Smaller aggregates can be seen within electrospun fibers in Figure 3A , while large aggregates can be seen in the background of the same sample in Figure 3B . By first dispersing the LTA in acetone or a 1:1 acetone/chloroform mixture and slowly adding (1 mL/5 min) the polymer solution to it, the aggregation of LTA seen within fibers is not as prevalent. Loadings higher than 10% by weight of LTA did not result in fibers, but electrospray of CA coated LTA. The best fibers (high loading, uniform fiber diameter, ease of handling, and minimized aggregation) were produced using 10% dispersed LTA in 5% CA solution. Fibers with diameters smaller than the LTA size could be seen covered by the CA fiber (Figures 4 and 5) . The use of acetone as the solvent produced non-porous CA/LTA fibers (Figure 4) . With an average fiber diameter smaller than the LTA size, the LTA crystals could be seen in the fiber in Figure 4A . At higher magnification ( Figure 4B ), the larger LTA crystals (350 nm) can be seen within the larger diameter (250 nm) fibers. The electrospun fibers ranged from 50 to 300 nm in diameter and had an average diameter of 118 nm ( Figure 4C ). Porous fibers were generated by using a chloroform/acetone mixture at a 1:1 ratio, as seen in Figure 5A ,B. The pores are created when solvents evaporate at different rates from the solvent mixture [23] . The use of highly volatile solvents, such as chloroform for electrospinning CA, also leads to ribbon-like fibers ( Figure 5A ) [24] . LTA crystals were also embedded within the porous fibers without much aggregation ( Figure 5B ). The porous fibers are expected to allow for better access to the embedded LTA, increasing the ion exchange rates. The porous CA/LTA fibers had diameters ranging mostly from 50 to 200 nm with an average diameter of 139 ± 54 nm ( Figure 5C ). Ion exchange was performed for both the LTA powder and CA/LTA fibers with copper sulfate and lead nitrate, and they both readily dissolve and disassociate in water. The use of copper sulfate provided a quick colorimetric method of confirming if ion exchange occurred. The light blue color of copper sulfate (λ max = 810 nm) can be easily detected by UV-Vis and was used to determine the ion exchange of Cu 2+ ions. Ion exchange of electrospun solid and porous CA/LTA fibers is seen in Figures 6 and 7 , respectively. Electrospun CA/LTA solid fibers could exchange 0.98 ± 0.24 mmol/g when soaked in a CuSO4 solution, a little over half of the capacity of the free powder. While ion exchange is observed, the lowered capacity is most likely due to inaccessible LTA within the CA matrix. When a CA/LTA fiber mat was used as a filter membrane to filter the same solution, the LTA exchanged Cu 2+ at 0.81 ± 0.38 mmol/g. Diffusion of ions and their exchange is not expected to be greatly affected for hydrated cellulosic membranes [25] . It should be noted that no exchange or adsorption was seen for CA fibers. When LTA was embedded within porous CA fibers, 1.22 ± 0.25
A B C and 1.01 ± 0.31 mmol/g Cu 2+ were exchanged when soaked and used as a membrane, respectively.
A summary of the measured ion exchange capacities (IEC) is shown in Table 1 . [4, 24, 27] . This can be used as an advantage, as heavy metal removal is the greater concern in contaminated samples where competing ions for ion exchange are present. A solution mixture of copper nitrate and lead nitrate was used to test for selective ion exchange between two competing ions. Copper nitrate was used for the copper ion source, as lead salt (lead sulfate) forms when mixed with copper sulfate, which is not water soluble and precipitates. When using the porous CA/LTA fiber mats for ion exchange with the Cu/Pb mixture, lead exchanged 1.34 ± 0.24 mmol/g, while copper only exchanged 0.14 ± 0.05 mmol/g. This high selectivity of zeolite A to ion exchange of lead over copper is seen here, as over 90% of the ion exchange is with lead.
Conclusions
The use of cellulose acetate fibers as a host matrix for zeolite A allows for a free standing ion exchange filter membrane. LTA embedded within solid CA fibers exhibited 56% of the ion exchange capacity of the free powder. Utilizing a porous CA fiber support increased the ion exchange to 78% of the free powder. When used to filter a copper and lead mixture, over 90% of the ion exchange was for lead. These CA/LTA fiber mats could be used as a cheap and efficient way to selectively remove heavy metal from water through ion exchange. Though regeneration and reuse still requires further testing, it should only be limited by the stability of the matrix fibers.
